1. Introduction {#s0005}
===============

Farnesoid X receptor (FXR, NR1H4), a bile acid (BA)-responsive transcription factor[@bib1], [@bib2], has been demonstrated to be beneficial for various liver diseases[@bib3], [@bib4]. Thus FXR is widely accepted as a promising therapeutic target[@bib5] and various FXR modulators have been being developed[@bib6], [@bib7], [@bib8]. Obeticholic acid (OCA) is the first FXR modulator that has been licensed by the FDA and EMEA for primary biliary cholangitis (PBC) patients. Besides, trials of OCA in several other liver diseases, including fibrosis, are under way[@bib8], [@bib9]. However, the high incidence side-effect of pruritus seen in clinical trials especially at 25 or 50 mg[@bib10] limited its wide use in patients. Although this side effect appears to be addressed by the use of lower dose regimes (5--10 mg), its clinical efficiency against fibrosis almost disappeared at this dosage[@bib11]. Thus, it is urgent to propose a new strategy for the clinical use of OCA with effective anti-fibrotic action and minimal side effects. Previous studies have shown that OCA could prevent the development of fibrosis and cirrhosis by inhibiting hepatic stellate cells (HSCs) activation[@bib12], [@bib13]. However, subsequent studies indicated that compared to hepatocytes, HSCs expressed very low levels of FXR[@bib14], suggesting that OCA exert anti-fibrotic effect directly through acting on HSC or indirectly through other cells in the liver.

Since HSCs are physiologically juxtaposed to hepatocytes extracellular signals from hepatocytes may also trigger the activation of HSCs. To this end, we hypothesized that OCA may regulate the factors related to hepatocytes and thereby controlling the activation of HSCs. BAs are synthesized in hepatocytes[@bib4], [@bib15] and are known to be involved in various diseases[@bib16], [@bib17]. More importantly, serum BAs are increased during liver fibrosis progression and may represent as biomarkers for staging the severity of liver fibrosis and cirrhosis[@bib18], [@bib19]. However, whether and how BAs participate in the pathogenesis of liver fibrosis remains obscure. Moreover, enhanced hepatocyte apoptosis is the common feature of liver fibrosis[@bib20]. Hepatocyte apoptotic body may serve as a danger signal for the activation of HSCs and thereby contributing to the ultimate development of liver fibrosis[@bib20]. Therefore, anti-apoptosis has been supposed to be a strategy for the therapy of liver fibrosis.

Given this background, we hypothesized that OCA, which may exert its hepatoprotective effects by regulation of metabolic homeostasis *via* targeting FXR in hepatocytes, combines with apoptotic inhibitors may represent a promising strategy for the therapy of liver fibrosis. We demonstrated that OCA might inhibit HSC activation/proliferation by reducing hepatic levels of BAs. OCA is not effective against apoptotic cell death of hepatocytes. OCA combined with IDN-6556, a caspase inhibitor, additively ameliorates liver fibrosis.

2. Material and methods {#s0010}
=======================

2.1. Chemicals and reagents {#s0015}
---------------------------

OCA, GW4064, cycloheximide (CHX) and IDN-6556 were from MedChem Express (NJ, USA). Cholic acid (CA), chenodeoxycholic acid (CDCA), dehydrocholic acid (dhCA), lipopolysaccharide (LPS, from *Escherichis coli* 0111:B4), d-galactosamine (GalN), carbon tetrachloride (CCl~4~) and mineral oil were from Sigma--Aldrich (St. Louis, MO, USA). Recombinant human tumor necrosis factor *α* (TNF*α*) was obtained from Peprotech (Rocky Hill, USA). *α*-Smooth muscle action (*α-*SMA) antibody was purchased from Abcam (Cambridge, UK).

2.2. Animals and treatments {#s0020}
---------------------------

Specific pathogen free male C57BL/6 mice (8-week old, 20 g) were obtained from Comparative Medicine Centre of Yangzhou University, China. The animal studies were approved by the Animal Ethics Committee of China Pharmaceutical University. All animals were kept in an air-conditioned animal quarter at a temperature of 25 ± 2 °C and a relative humidity of 50 ± 10% with 12-h light/dark cycles for 1 week before experiments and allowed water and standard chow *ad libitum*.

To determine the effect of OCA on BA catabolism, mice were randomly divided into 3 groups and treated with vehicle or OCA at 10 mg/kg/day or 30 mg/kg/day, respectively, for 5 days.

To determine the effect of OCA on CCl~4~-induce liver fibrosis, mice were randomly divided into 4 groups including normal control, model, and OCA (10 mg/kg/day or 30 mg/kg/day). CCl~4~ (20% CCl~4~/mineral oil; 5 mL/kg) or mineral oil was intraperitoneally (i.p.) injected into mice twice per week for 6 weeks as previously described[@bib20]. OCA was suspended in 0.5% sodium carboxymethyl cellulose and orally given once daily from the 3rd week.

To determine the effect of OCA on acute liver injury characterized with hepatocyte apoptosis, mice were randomly divided into 3 groups. Acute liver injury was developed by GalN (800 μg/g, i.p.) followed by an injection of LPS (100 ng/g, i.p.) for 6 h as previously described[@bib21] with minor modification. OCA was pre-treated for consecutive 5 days.

To determine the effect of co-administration of OCA and IDN-6556 on liver fibrosis, mice were randomly divided into 5 groups. The first group served as the normal control, receiving vehicle only. The other groups was injected with CCl~4~ biweekly for 6 weeks as above described. Besides, the third group was treated with OCA (10 mg/kg/day, intragastric, i.g.) and the forth group with IDN-6556 (10 mg/kg/day, i.g.), respectively, from the 3rd week. The fifth group was treated with both OCA and IDN-6556.

2.3. Cell culture and treatment {#s0025}
-------------------------------

HepG2 (from Stem Cell Bank of the Chinese Academy of Sciences, Shanghai, China) and HSC-T6 (Central South University, Changsha, China) were cultured in Dulbecco׳s modified Eagle׳s medium containing 10% fetal calf serum.

A modified co-culture model[@bib20] was enrolled to investigate the effect of hepatocellular apoptosis on HSC activation. Briefly, HSC-T6 cells were plated in 12-well plates, while HepG2 cells were plated on permeable polycarbonate inserts (Transwell cell culture inserts, Millipore, USA) in another 12-well plate. HepG2 cells were incubated with CHX (40 μmol/L) for 30 min, followed by the addition of TNF*α* (20 ng/mL) for 12 h to induce apoptosis as previously described[@bib22]. Then the cell-culture inserts containing apoptotic HepG2 cells were transferred onto the HSC-T6 cells after washed and new medium was added.

2.4. Analysis of BAs {#s0030}
--------------------

Serum BAs were analyzed as previously described[@bib23]. Briefly, 100 μL of serum samples was diluted with 500 μL of 0.01% formic acid-spiked with dhCA (internal standard), vortexed, and loaded onto Oasis-HLB cartridges, which were then washed with 1 mL H~2~O and eluted with 1.5 mL methanol. The elute was evaporated, and the remaining residue was reconstituted in 100 μL methanol, 5 μL of which was analyzed by a high performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan) and an AB-Sciex Triple TOF 5600 mass spectrometer (AB Sciex, Foster City, CA, USA). Separation was performed on a ZOEBAX Eclipse Plus C18 column. The chromatographic and mass spectrometric parameters for the quantification of BAs were same as before.

2.5. Biochemical analysis {#s0035}
-------------------------

Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined by an automatic blood biochemical analyzer (Beckman Counter LX20, USA).

2.6. Histological analysis {#s0040}
--------------------------

Slices of mice livers were cut off and fixed in formalin, dehydrated in graded alcohol series, and embedded in paraffin. Liver sections were stained with hematoxylin and eosin (H&E) for histopathological evaluation. Apoptotic cells were stained by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL). Assessment of liver fibrosis was performed on Sirius red staining and Masson׳s trichrome staining. HSCs activation was detected by immunohistochemistry staining of *α-*SMA (Abcam, ab32575, 1:500). Kupffer cells were detected by immunohistochemistry staining of CD68 (Servicebio, GB11076, 1:500).

2.7. Reverse transcription-polymerase chain reaction (RT-PCR) analysis {#s0045}
----------------------------------------------------------------------

RT-PCR analysis was performed following the standard protocol as previously described[@bib24]. Primer sequences are listed in [Supporting Information Tables S1 and S2](#s0125){ref-type="sec"}.

2.8. Determination of HSC proliferation {#s0050}
---------------------------------------

Cell proliferation was measured by bromodeoxyuridine (BrdU) incorporation assay according to the manufacturer׳s protocol as previously described[@bib2].

2.9. Caspase activity assay {#s0055}
---------------------------

Activities of caspases were measured by caspase activity assay kits (Beyotime, China).

2.10. Human specimens {#s0060}
---------------------

A total of 50 patients diagnosed with liver fibrosis and cirrhosis were recruited at The First Affiliated Hospital of Anhui Medical University (Hefei, China). Diagnoses were confirmed with liver biopsy directed by ultrasonography within 1 week after inclusion. Exclusion criteria included age younger than 15 or older than 75 years; pregnancy or breast-feeding; diagnoses of diabetes; other liver diseases; liver transplant; gastrointestinal disorders; pancreatitis; alcohol consumption within 6 months. Blood samples were obtained from patients at the time of liver biopsy, processed to plasma and stored at --80 °C until use. Demographic, clinical, and laboratory data were collected ([Supporting Information Table S3](#s0125){ref-type="sec"}). Additional, 20 healthy age-matched controls from blood bank donors without clinical signs or symptoms of liver disease, and no history of chronic illnesses, were analyzed.

The study was approved by the ethics committee of First Affiliated Hospital of Anhui Medical University (PJ2016-10-11) and all patients gave written informed consent prior to participation.

2.11. Serological detection of apoptosis {#s0065}
----------------------------------------

The plasma from donors was used for quantitative measurement of apoptosis-associated neo-epitope in the C-terminal domain of CK-18 with a M30-Apoptosense ELISA (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).

2.12. Statistical analysis {#s0070}
--------------------------

Data were expressed as mean ± standard deviation (SD) and subjected to parametrical statistics. Statistical significances were evaluated using one-way analysis of variance (ANOVA), followed by the Tukey׳s multiple comparison test. Differences with *P* \< 0.05 were considered to be statistically significant. All analyses were performed using GraphPad Prism software 6.

3. Results {#s0075}
==========

3.1. OCA restores hepatic FXR signaling and BA homeostasis {#s0080}
----------------------------------------------------------

Firstly we confirmed the effect of OCA on FXR signal and the metabolic homeostasis of BAs. As expected, the mRNA levels of hepatic small heterodimer partner *(Shp)* and bile salt export pump *(Bsep)* were upregulated by OCA treatment. By contrast, hepatic *Cyp7a1* (encoding cholesterol 7*α*-hydroxylase), a suppressive target gene of *Fxr*, was downregulated ([Fig. 1](#f0005){ref-type="fig"}A). Besides, serum total levels of BAs were significantly reduced upon OCA treatment ([Fig. 1](#f0005){ref-type="fig"}B). In particular, CDCA and CA were significantly decreased upon OCA treatment ([Fig. 1](#f0005){ref-type="fig"}C).Figure 1OCA treatment decreases BAs levels *via* activating FXR signaling. (A)--(C) OCA treatment in healthy mice could successfully activate FXR signal and thereby inhibiting BA synthesis (*n* = 5). (A) Expression of FXR and its target genes in the liver. Serum total BA levels (B) and profiles (C). (D)--(F) OCA treatment reversed the dysregulation of FXR signal and dyshomeostasis of BAs in CCl~4~-treated mice (*n* = 5). (D) Expression of FXR and its target genes in the livers. Serum total BAs levels (E) and profiles (F). Results are mean ± SD (*n* = 5), ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001.Fig. 1

A typical liver fibrosis model induced by CCl~4~ injection. Upon CCl~4~ intoxication, hepatic FXR signal was significantly suppressed as supported by decreased expression of *Fxr*, *Shp*, *Bsep* and elevated expression of *Cyp7a1*. While treatment with OCA significantly up-regulated the expression of *Fxr*, *Shp*, *Bsep*, and down-regulated the expression of *Cyp7a1* ([Fig. 1](#f0005){ref-type="fig"}D). Dysregulation of *Fxr*-*Cyp7a1* signaling in fibrotic livers may result in BA accumulation. As expected, serum total levels of BAs were significantly elevated in CCl~4~-treated mice, which were significantly reduced by OCA treatment ([Fig. 1](#f0005){ref-type="fig"}E). Detailed BA composition analysis revealed that multiple BAs, including lithocholic acid, ursodeoxycholic acid, hyodeoxycholic acid, CDCA, deoxycholic acid, CA, *β*-muricholic acid, and *α*-muricholic acid, increased in CCl~4~-treated mice, and almost all these BAs levels were reduced by OCA treatment ([Fig. 1](#f0005){ref-type="fig"}F).

3.2. OCA alleviates liver fibrosis in association with attenuated HSCs activation {#s0085}
---------------------------------------------------------------------------------

We investigate the effect of OCA on CCl~4~-induced fibrosis by the analysis of ALT and AST levels in serum and H&E staining of liver sections. OCA treatment significant reduced ALT levels but had little influence on AST, indicating that OCA might have limited effects on restoring liver function ([Fig. 2](#f0010){ref-type="fig"}A). Masson and Sirius Red staining of liver sections ([Fig. 2](#f0010){ref-type="fig"}C and D) revealed a significant increase in the fibrotic surface compared with control ones. The area of liver parenchyma occupied with fibrotic tissues was reduced by OCA treatment. Because HSCs activation is an important player in the process of liver fibrosis, we asked whether OCA could inhibit HSCs activation. As shown in [Fig. 2](#f0010){ref-type="fig"}E, OCA treatment significantly reduced the number of *α-*SMA positive cells, suggesting that OCA could attenuate activation of HSCs. Consistently, quantitative RT-PCT analysis of *Acta2* (encoding *α*-SMA), collagen1a1 (*Col1a1*), *Col1a2*, tissue inhibitor of metalloprotease-1 (*Timp-1*) and *Timp-2* mRNAs showed a 5- to 20-fold increase in CCl~4~-treated mice, while OCA administration significantly reduced the mRNA levels of all these fibrosis markers ([Fig. 2](#f0010){ref-type="fig"}F). These results indicated that OCA treatment might alleviate liver fibrosis partially *via* inhibiting HSCs activation.Figure 2OCA treatment alleviates CCl~4~-induced HSCs activation and liver fibrosis. (A) Serum ALT and AST levels. (B)--(E) Histological analysis of liver sections. H&E staining (B), Masson staining (C), Sirius Red staining (D) and immunohistochemistry of *α-*SMA (E). (F) Expression profiling of fibrosis-related genes. Results are mean ± SD (*n* = 5), ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.Fig. 2

3.3. OCA is not effective against hepatocellular apoptosis {#s0090}
----------------------------------------------------------

OCA has been supposed to be hepatoprotective *via* targeting FXR. We asked whether OCA could directly protect against apoptotic cell death of hepatocytes, which is a key event the pathological development of liver fibrosis[@bib20]. In the CCl~4~-induced model of liver fibrosis, TUNEL-positive apoptotic hepatocytes were witnessed, and surprisingly OCA treatment had little effect in hepatocytes apoptosis ([Fig. 3](#f0015){ref-type="fig"}A). As a support, no difference was observed in the activities of caspase-3, -8, and -9, in mice treated with CCl~4~ alone or in combination with OCA ([Fig. 3](#f0015){ref-type="fig"}B).Figure 3OCA is not effective against hepatocyte apoptosis. (A)--(B) OCA failed to prevent hepatocyte apoptosis induced by CCl~4~ (*n* = 5). (A) TUNEL staining of liver sections. (B) Caspase activities of liver homogenate. (C)--(F) OCA failed to prevent GalN/LPS-induced apoptosis (*n* = 5). (C) Serum ALT and AST levels. (D) Caspase activities of liver homogenate. H&E (E) and TUNEL (F) staining of liver sections. (G)--(I) OCA failed to prevent CHX/TNF*α*-induced HepG2 apoptosis *in vitro* as indicated by MTT assay (G), annexin V--PI staining (H) and caspase activities (I). Results are mean ± SD, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.Fig. 3

To further ascertain whether OCA is effective against apoptosis, mice were treated with GalN/LPS to induce an acute fulminant liver injury which is characterized by massive apoptotic changes in the liver[@bib21]. Pretreatment with OCA did not significantly impact serum transferases levels ([Fig. 3](#f0015){ref-type="fig"}C) and apoptotic/necrotic cell death as indicated by caspase activities ([Fig. 3](#f0015){ref-type="fig"}D) and histological analysis ([Fig. 3](#f0015){ref-type="fig"}E and F). In accordance with the results *in vivo*, OCA treatment fail to protect cultured cells from apoptosis induced by CHX/TNF*α* ([Fig. 3](#f0015){ref-type="fig"}G---I). Collectively, these results indicate that OCA treatment has little influence on hepatocyte apoptosis, which may explain its limited effects in liver fibrosis at lower dosage[@bib11].

3.4. BAs and apoptotic hepatocytes trigger HSC activation and proliferation {#s0095}
---------------------------------------------------------------------------

HSCs activation is a pivotal factor in triggering liver fibrosis. To provide a causal link, we asked whether accumulated BAs and apoptotic bodies, both of which are typical events witnessed in the process of liver fibrosis[@bib21], may represent the key triggers in activating HSCs. To this end, HSC-T6 cells were incubated with CDCA in the absence or presence of transforming growth factor (TGF)-*β*1. As shown in [Fig. 4](#f0020){ref-type="fig"}A, CDCA significantly up-regulated the mRNA levels of *Tgf-β*, *Col1a1*, *Col1a2*, and *Timp-1*, indicating that BAs indeed could stimulate HSC activation.Figure 4BAs and apoptotic hepatocytes trigger HSC activation and proliferation. Effect of BAs (A) and apoptotic hepatocyte co-culture (B) on HSC activation was measured by the expression profiling of pro-fibrotic genes (*n* = 3). Effect of BAs (C) and apoptotic hepatocyte co-culture (D) on the proliferation of HSCs as assessed by BrdU assay (*n* = 3). Results are mean ± SD, ^**\***^*P* \< 0.05, ^**\*\***^*P* \< 0.01, ^**\#\#**^*P* \< 0.01, ^**\#\#\#**^*P* \< 0.001.Fig. 4

The effect of hepatocellular apoptosis on HSC activation was next investigated in a co-culture model. HepG2 cells, plated in cell culture inserts, were treated with CHX/TNF*α* to induce apoptosis. Apoptotic HepG2 cells were then transferred onto HSC-T6 cells after washed with cell culture medium. As compared with the HSC-T6 cells co-cultured with healthy HepG2 cells, HSC-T6 cells co-cultured with apoptotic HepG2 cells were characterized with elevated mRNA levels of *Acta2*, *Col1a1*, *Col1a2*, *Timp-1* and *Timp-2*, indicating that apoptotic hepatocytes may trigger HSC activation ([Fig. 4](#f0020){ref-type="fig"}B).

Furthermore, BrdU incorporation analysis showed that HSC proliferation was significantly increased upon BA treatment ([Fig. 4](#f0020){ref-type="fig"}C) or apoptotic HepG2 cells co-culture ([Fig. 4](#f0020){ref-type="fig"}D). Taken together, these results indicated that the accumulated BAs and apoptotic hepatocytes may serve as potential profibrogenic factors that stimulate activation and proliferation of HSCs and ultimately promote the development of liver fibrosis.

3.5. Enhanced anti-fibrotic effect of OCA when combined with IDN-6556 {#s0100}
---------------------------------------------------------------------

Given that apoptosis is a key event in the pathological development of liver fibrosis[@bib21] and OCA is not effective against apoptosis of hepatocytes, we proposed that combination of OCA and apoptosis inhibitor may exhibit enhanced benefits on liver fibrosis. Here, we investigated the anti-fibrotic effect of co-administration of OCA and IDN-6556[@bib25]. OCA or IDN-6556 alone reduced serum ALT levels, and the combination exhibited an enhanced reduction. Besides, IDN-6556, alone or in combination with OCA, reduced serum AST levels ([Fig. 5](#f0025){ref-type="fig"}A). These changes in serum transferase levels paralleled the histologic analysis of liver sections. OCA or IDN-6556 alone protected against liver fibrosis development as shown by histological analysis ([Fig. 5](#f0025){ref-type="fig"}B--D), while co-administration of these two agents produced an enhanced protective effect. Consistently, the combination exhibited better effect in inhibiting HSCs activation, as indicated by *α-*SMA staining ([Fig. 5](#f0025){ref-type="fig"}E), and much stronger effect in reducing liver expression of a number of genes involved in liver fibrosis development, including *Acta2*, *Col1a1*, *Col1a2*, *Timp-1* and *Timp-2* ([Fig. 5](#f0025){ref-type="fig"}G). We next explored hepatocellular apoptosis by TUNEL staining and caspase activities assay. As expected, IDN-6556, but not OCA alone, attenuated the percentage of TUNEL-positive staining ([Fig. 5](#f0025){ref-type="fig"}F) and reduced the activities of caspases ([Fig. 5](#f0025){ref-type="fig"}H). In contrast, OCA significant rescued the dyshomeostasis of BA caused by CCl~4~ ([Fig. 5](#f0025){ref-type="fig"}I and J). Taken together, combination of OCA and IDN-6556 exerted an improved protective effect against CCl~4~-induced fibrosis. OCA *via* targeting FXR may restore the homeostasis of BAs and IDN-6556 functions *via* inhibiting apoptotic cell death of hepatocytes and thereby additively alleviates liver fibrosis.Figure 5Combined OCA and IDN-6556 treatment combats liver fibrosis. CCl~4~-injured mice were enrolled to test the anti-fibrotic effect of co-administration of OCA and IDN-6556. (A) Serum ALT and AST levels. (B)--(F) Histological analysis of liver sections. H&E staining (B), Masson staining (C), Sirius Red staining (D), immunohistochemistry of *α-*SMA (E) and TUNEL staining (F). (G) Expression profiling of fibrosis-related genes. (H) Caspase activities of liver homogenate. Serum total BAs level (I) and profiles (J). Results are mean ± SD (*n* = 5), ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001, ^\$^*P* \< 0.05.Fig. 5

3.6. Increased serum BAs and apoptosis in patients with liver fibrosis {#s0105}
----------------------------------------------------------------------

To validate our findings are clinically relevant, we performed a retrospective analysis of serum and liver biopsies from patients with liver fibrosis/cirrhosis. We collected a total of 20 liver biopsies from patients with liver fibrosis and 30 from liver cirrhosis. A univariate analysis revealed that the two groups did not differ significantly in gender nor body mass index ([Table S3](#s0125){ref-type="sec"}). Besides, serum samples from 20 healthy age-matched controls from blood bank donors without clinical signs or symptoms of liver disease, and no history of chronic illnesses, were collected. Notably, serum BA levels were significantly higher in fibrotic and cirrhotic patients than that in healthy controls ([Fig. 6](#f0030){ref-type="fig"}A). In particular, CDCA were significantly increased in fibrotic and cirrhotic patients compared with healthy controls ([Fig. 6](#f0030){ref-type="fig"}B). TUNEL staining of liver biopsy indicated apparent apoptotic cell death in liver sections from both fibrosis and cirrhosis patients ([Fig. 6](#f0030){ref-type="fig"}C). Additionally, serum CK-18, an apoptotic marker, was significantly higher in fibrosis and cirrhosis patients ([Fig. 6](#f0030){ref-type="fig"}D). Together, these results support that BA accumulation and apoptotic cell death are key events in the pathological development of liver fibrosis/cirrhosis.Figure 6Liver fibrosis and cirrhosis are characterized with elevated BAs and hepatocyte apoptosis. Serum from liver fibrotic patients (*n* = 20), cirrhotic patients (*n* = 30) as well as healthy donors (*n* = 20) were collected. Serum total BA levels (A) and BA profiles as analyzed (B). Hepatocyte apoptosis was assessed by TUNEL staining of liver biopsy (C) and serum CK-18 (M30) levels (D). Results are mean ± SD, ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.Fig. 6

4. Discussion {#s0110}
=============

HSCs activation and proliferation are key events in the development of liver fibrosis. Since liver fibrosis and cirrhosis are generally regarded to be irreversible, one of the most effective strategies for fibrosis prevention or treatment is to inhibit the activation and proliferation of HSCs. In the current study, we have identified that elevated BAs and hepatocellular apoptotic bodies are danger signals for HSC activation and proliferation. As a FXR agonist, OCA may inhibit HSCs activation *via* regulating BAs homeostasis; however, OCA is not effective against hepatocellular apoptosis and thus may limiting its clinical efficacy against liver fibrosis. We thereby propose and validate that the combination of OCA and an apoptosis inhibitor might be a promising strategy for combating liver fibrosis.

Liver fibrosis or cirrhosis, the pathological feature of most forms of chronic hepatic damage, is responsible for much morbidity and mortality worldwide[@bib26], [@bib27]. The principal cell type responsible for liver fibrosis is HSCs[@bib26], [@bib28], which express FXR at a relative low levels compared to hepatocytes ([Supporting Information Fig. S1A](#s0125){ref-type="sec"}). These cells are juxtaposed to hepatocytes and are uniquely poised to possible toxic secretion from hepatocytes or damaged hepatocytes. In accordance with previous studies[@bib18], [@bib19], we have uncovered that liver fibrosis is characterized with accumulation of BAs. BAs are biosynthesized from cholesterol in hepatocytes, which is precisely regulated by FXR-CYP7A1 signal. We demonstrated that CDCA but not CA could induce the expression of *Tgf-β* and promote the phosphorylation of Smad2/3 ([Fig. S1B](#s0125){ref-type="sec"}), then triggering the transcription of several pro-fibrotic genes. Besides, both CDCA and CA can promote proliferation of HSC. These evidence indicated that BAs accumulated in the liver may serve as potential profibrogenic factor for fibrosis development. Another hallmark of liver fibrosis is increased apoptotic cell death of hepatocytes[@bib20]. Furthermore, inhibition of apoptosis by pro-apoptotic gene knock-out[@bib29], [@bib30] or caspase inhibitors[@bib31], [@bib32] alleviate liver diseases. In the present study, we demonstrated that apoptotic hepatocytes trigger the activation and proliferation of HSCs, and proposed that apoptotic hepatocytes could be potential profibrogenic factor for fibrosis development. Liver fibrosis and cirrhosis are traditionally regarded to be irreversible and lack effective therapeutics. One possible reason is that single agents targeting one factor might not be sufficiently effective against such a complex disease. For this reason, we supposed the combined therapy might be necessary for the prevention and treatment of liver fibrosis/cirrhosis.

FXR is a member of nuclear receptor superfamily and has crucial role in controlling BA homeostasis[@bib1], [@bib4]. Recently, this receptor has been reported be correlated with the development of fibrosis[@bib33]. FXR knock-out mice are prone to probably inflammation-driven liver fibrosis with increasing age. Besides, CCl~4~-intoxication for up to 12 weeks resulted in more severe liver injury in FXR knock-out mice compared with wild-type controls[@bib14]. Due to the potential role of FXR on the development of hepatic fibrosis, various FXR agonists were tested for the treatment of fibrosis[@bib12], [@bib34]. However, the results and mechanisms from both the preclinical animal models and human clinical trials are somewhat controversial. Early studies indicated that FXR activation led to up-regulation of microRNA-29a in HSCs, which plays an inhibitory role in ECM production[@bib35]. Besides, FXR activation in HSCs was also demonstrated to cause a SHP-dependent inhibition on pro-fibrotic gene expression[@bib13]. These studies provided evidence for the direct inhibitory role of FXR agonism on HSC activation and proliferation. Since HSCs are subsequently demonstrated to express relative low level of FXR[@bib14], other cells in the liver may also contribute to the anti-fibrotic effect of FXR activation. HSC could be activated by stimulated Kupffer cells (KC) *via* paracrine production of pro-inflammatory cytokines[@bib36]. Previously, FXR activation by OCA was demonstrated to decelerate thioacetamide-induced fibrogenesis indirectly by targeting hepatic inflammation in both KC and liver sinusoidal endothelial cells[@bib37]. In line with these findings, we further confirmed that OCA treatment could inhibit KC activation and cytokines transcription caused by CCl~4~ injection ([Supporting Information Fig. S2](#s0125){ref-type="sec"}). More importantly, hepatocytes are highly expressed with abundant FXR compared to HSCs. Since hepatocytes may regulate the activation of HSCs *via* secretion of BAs and apoptotic bodies, we supposed that FXR ligands may also impede HSCs activation indirectly *via* targeting FXR in hepatocytes. As expected, OCA treatment significantly inhibited the synthesis of BAs, reducing the exposure of HSCs to toxic BAs. Hepatocyte apoptosis also play a key role in HSC activation and proliferation. FXR activation was previously reported to protect liver cells from apoptosis induced by serum deprivation *in vitro* and fasting *in vivo*[@bib38]. However, we have not observed a significant effect of OCA against death receptors engaged apoptosis of hepatocytes, which is a dominant mechanism in promoting liver fibrosis. It seems that FXR activation by agonists might be effective against intrinsic apoptosis, as that induced by fast, but not death-receptors engaged extrinsic apoptosis. Inhibition of apoptosis is generally accepted as a promising therapeutic strategy to prevent liver fibrosis. The proof of concept of this strategy is illustrated by IDN-6556, a pan-caspase inhibitor currently undergoing phase II clinical studies[@bib39]. Here in this study we revealed that treatment with IDN-6556, prevented hepatocyte apoptosis and reduced fibrosis induced by CCl~4~.

Although various preclinical studies suggested OCA might be effective against liver fibrosis, its clinical application might be limited by the observed serious adverse effects such as pruritus[@bib10]. The rate of this adverse side-effect was found positively correlated with the dosage of OCA (15% in 10 mg *vs*. 38% in 50 mg)[@bib40]. To avoid adverse effects and improve long term tolerance, the dosage of OCA should be reduced. However, a more recent clinical trial indicated that low dose (5--10 mg) of OCA exert little beneficial effect on liver fibrosis[@bib11]. Thus, how to improve the clinical efficiency of OCA in a relative safe and low dosage is an urgent question to be solved[@bib8]. In this study, we demonstrated that in combination with IDN-6556, another drug candidate for liver fibrosis, OCA could exert enhanced beneficial effect against fibrosis even at low dosage, providing a promising strategy for the therapy of liver fibrosis, and in the combination, OCA can be effective at low dosage with minimized side-effect. To provide a translational link to the clinic, we found that both BA accumulation and apoptotic death of hepatocytes were witnessed from human patients with liver fibrosis. Therefore, it is reasonable to expect that OCA in combination with apoptosis inhibitors would be a translatable strategy for the therapy of liver fibrosis.

5. Conclusions {#s0115}
==============

In this study, we demonstrated that OCA inhibits HSCs activation/proliferation partially by regulating BA homeostasis and thereby inhibiting activation of HSCs. The findings in this study suggest that combined use of apoptosis inhibitor and OCA at lower dosage represents a novel therapeutic strategy for liver fibrosis.
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